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Studies on archaeal viruses from extreme thermal environments
with temperatures above 80 °C have intensiﬁed over the past decade.
Twenty-eight out of the known 32 hyperthermophilic viruses have
been isolated and described since 1999. All 32 viruses have double-
stranded (ds) DNA genomes and infect hyperthermophilic hosts from
the third domain of life, the Archaea. Despite their modest number,
these viruses reveal remarkable diversity of unique morphological
and genomic features. Most virions have complex morphologies,
never observed for any bacterial or eukaryal virus. Such are the
spindle-shaped virions of the Fuselloviridae (Martin et al., 1984), the
bottle-shaped virions of the Ampullaviridae (Häring et al., 2005a), the
droplet-shaped virions of the Guttaviridae (Arnold et al., 2000), and
the two-tailed virions of the Bicaudaviridae (Prangishvili et al., 2006c).
The latter virions even have a remarkable property of extracellular tailmorphogenesis speciﬁcally at high temperatures of the natural
environment (Häring et al., 2005b). Members of other families have
virion morphologies not previously reported for dsDNA viruses, such
as linear virions of the Rudiviridae (Prangishvili et al., 1999) and
Lipothrixviridae (Janekovic et al., 1983), and spherical virions of the
Globuloviridae with a helical nucleoprotein core encased by a lipid-
containing envelope (Häring et al., 2004). In addition, spherical
viruses of hyperthermophilic archaea are described with icosahedral
symmetry and unusual, prominent surface turrets (Rice et al., 2004;
Happonen et al., 2010).
Although known hyperthermophilic archaeal viruses reveal an
exceptional degree of diversity in regard to both morphotypes and
genomes, theymay represent just “the tip of the iceberg”, as their host
range is limited to members of only 6 genera (Sulfolobus, Acidianus,
Stygiolobus, Thermoproteus, Pyrobaculum, and Pyrococcus) from three
hyperthermophilic archaeal orders (Sulfolobales, Thermoproteales,
and Thermococcales). Thus, isolation of viruses from a broad range of
phylogenetic taxa of the archaeal domain is a research priority, which
promises to shed light on important questions on the nature of the
modern virosphere.
The objective of the present study was to isolate and characterize
viruses from the order Desulfurococcales of the phylum Crenarchaeota,
from which presently no virus has been reported. Speciﬁcally, we
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Aeropyrum.
The type species of the genus Aeropyrum, Aeropyrum pernix K1,
grows aerobically and has the highest optimal growth temperature,
90 °C, among aerobic hyperthermophiles. Due to well-established and
relatively uncomplicated culturing conditions, A. pernix K1 is
considered as one of the model organisms for studies on the Archaea
(Kawarabayasi et al., 1999; Yamazaki et al., 2006). It was isolated from
a coastal solfataric thermal vent in Kodakara-Jima Island, in
southwestern Japan (Sako et al., 1996). Eleven other strains of A.
pernix have also been isolated from coastal hot springs and a shallow
hydrothermal vent in the nearby region (Nomura et al., 2002). The
other species in the genus, Aeropyrum camini, was isolated from a
sample collected at submarine volcano Suiyo Seamount, Japan
(Nakagawa et al., 2004).
At present, none of the Aeropyrum strains can be grown on plates
as a lawn. Moreover, hyperthermophiles generally cannot be stably
cultured in multi-well plates. The inability to use these culturing
methods, which are historically and routinely used for virus hunting,
has necessitated an exploration of other approaches for virus
isolation. One of these approaches was similar to that successfully
used previously for isolation of different hyperthermophilic crenarch-
aeal viruses (Prangishvili, 2006). It included establishment of
enrichment cultures from environmental samples, screening the
cultures for virus-like particles (VLPs) by transmission electron
microscopy (TEM), and isolation of distinct virus–host systems from
selected cultures, by identifying single virus-replicating and virus-
sensitive strains (Prangishvili, 2006). However, this approach is very
time-consuming and offers only limited possibilities to deﬁne the
range of desirable hosts, mainly by regulating culturing conditions.
Another approach used in the present study was more efﬁcient for
host-speciﬁc isolation of viruses. For targeted screening for A. pernix
viruses, we attempted to infect growing cells of A. pernixwith viruses
from environmental samples collected in the region close to the origin
of this target strain.
As a result of the research, we were able to depict morphological
diversity of autochthonous viruses of A. pernix and to isolate and
characterize Aeropyrum pernix bacilliform virus 1, APBV1, the ﬁrst virus
from the order Desulfurococcales, with the smallest prokaryotic
dsDNA viral genome, of only 5.2 kb.
Results
Enrichment cultures
Two environmental samples analyzed in the present study were
collected in 2005 and 2008 from the same coastal hot spring in
Kagoshima, Japan, about 250 km away from the Kodakara-Jima IslandFig. 1. Transmission electron micrographs of VLPs observed in enrichment cultures ER1 and E
C1) VLPs from the culture ER1. (A2, B2, C2) VLPs from the culture ER2. Samples were negatiwhere A. pernix K1 was originally isolated. Enrichment cultures ER1
and ER2 were established from the two environmental samples using
conditions routinely used for cultivation of A. pernix strains (Nomura
et al., 2002), as described in Materials and methods. After 2 days of
incubation at 90 °C cell growth was observed in both cultures, and
after two additional days of incubation cells and VLPs in the cultures
were analyzed.
Cells in the cultures ER1 and ER2 were morphologically homog-
enous irregular cocci about 1 μm in diameter. Sequences of 16S rRNA
genes were ampliﬁed by PCR from the DNA extracted from cells
collected from each of the cultures, using a mixture of universal and
archaeal primers (seeMaterials andmethods). The PCR products were
cloned and 23 and 16 clones were analyzed from ER1 and ER2,
respectively. In all clones the sequences corresponded to the genus
Aeropyrum.
VLPs were collected from cell-free culture supernatants and
concentrated by polyethylene glycol (PEG) precipitation. In prepara-
tions from both cultures we observed particles of three major types:
(A) rod-shaped particles, about 190×25 nm, with about 22-nm-long
short appendages protruding at the angle of 45° to the axis of the
linear particle (Fig. 1A1 and A2), (B) pleomorphic particles, measuring
about 80×60 nm, with the dominance of bean-shaped ones (Fig. 1B1
and B2), (C) bacilliform particles in two size ranges, about 260×20 nm
(Fig. 1C1a and C2), and 150×20 nm (Fig. 1C1b and C2), with one
terminus pointed and the other rounded. In addition, ER1 sample
contained bacilliform particles measuring 200×26 nm (Fig. 1C1c).
Co-cultivation of A. pernix K1 with environmental samples and isolation
of the virus APBV1
For targeted isolation of viruses of A. pernix strain K1, the
environmental sample 2008 was added to three cultures of this
strain, AER1, AER2, and AER3, exponentially growing at 90 °C in
different media (see Materials and methods). After 3 days of further
growth, VLPs were collected from cell-free culture supernatants by
PEG precipitation and analyzed by TEM. Morphologies of VLPs were
different in each culture. In AER1 only ﬁlamentous particles,
measuring about 1000×30 nm, with characteristic spear-like termini
were observed (Fig. 2A). In AER2 two types of particles were
observed: bacilliform particles, about 150×20 nm (Fig. 2B), similar
to those observed in enrichment cultures ER1 and ER2 (Fig. 1C), and
spindle-shaped particles (100×65 nm), some of which were tailed
and reached 400 nm in length (Fig. 2C). Particles of the latter type
were present also in AER3 (not shown) together with short bacilli-
form particles, about 170 nm long with the width in three size ranges
of 30, 55, and 85 nm (Fig. 2D). It is noteworthy that none of the
particles withmorphologies shown in Fig. 2A, C, and Dwas detected in
the enrichment culture of the environmental samples and thus, mostR2 established from environmental samples from Yamagawa Hot Spring, Japan. (A1, B1,
vely stained with 2% uranyl acetate. Bars, 100 nm.
Fig. 2. Transmission electron micrographs of VLPs observed in cultures of A. pernix K1 growing in the presence of the environmental sample from Yamagawa Hot Spring, Japan. (A)
VLP observed in the culture AER1. (B, C) VLPs observed in the culture AER2. (C, D) VLPs observed in the culture AER3. Samples were negatively stained with 2% uranyl acetate. Scale
bars, 200 nm, except for the inset in (A), which is 100 nm.
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ing in A. pernix strain K1.
In another approach, VLPs collected and puriﬁed from the
enrichment culture ER1 were added to exponentially growing cells
of A. pernix K-K1 (see Materials and methods). In this case, we
detected replication of only bacilliform particles of about 150×20 nm
(Fig. S1). They were stably produced after continuous cultivation by
infecting fresh cultures of A. pernix K1-K, conﬁrming that they were
infectious virions of an Aeropyrum virus.
In the absence of the possibility to perform a plaque assay,
puriﬁcation of a single virus strain was achieved by serial dilutions of
the virus preparation to the degree where the infectivity was
undetectable. Such puriﬁcation procedure was repeated three times
to produce the single strain of a new virus, termed Aeropyrum pernix
bacilliform virus 1, APBV1.
Virion morphology and virion constituents
The virion of the APBV1 has a stiff bacilliform shape (Fig. 3). No
projections or other capsid surface features could be observed by TEM.
Nor was any inner structure detectable by TEM. The two ends of the
virion seem different. One end appears to be pointed and the other
rounded (Fig. 3). The majority of virions are uniform in size,
measuring about 140×20 nm. However, about 0.5% of virions in the
analyzed population of about 10,000 virions had double length, and in
one case, the virion was observed 5 times longer than the regular one,
indicating mistakes in the virion assembly process (Fig. S2). Virions
were completely degraded when treated with 0.1% SDS or 50%Fig. 3. Electron micrographs of APBV1 virions. Negatively stained with 2% uranyl
acetate. Scale bar, 100 nm.isopropanol for 5 min at 37 °C, but they remained intact and held
infectivity when treated with 50% or 70% ethanol in the same
conditions.
The virions of APBV1 are highly thermostable. They remained
infectious after incubation for 3 h at 100 °C. However, they lost
infectivity after 24 h of incubation at 90 °C or after 20 min autoclaving
at 120 °C. Individual virions remained intact after autoclaving,
however, they had a tendency to form aggregates, which was never
observed with untreated virions (Fig. S3). The “sea urchin” shape of
the aggregates suggested that only one virion terminus is involved in
their formation, conﬁrming the above-mentioned asymmetry of the
ends.
Multiple protein bands were observed in SDS-PAGE of the protein
fraction extracted from puriﬁed APBV1 virions (Fig. 4A). For
identiﬁcation, protein bands were excised from the gel and analyzed.
The major protein constituent of about 10 kDa, VP1, could be
identiﬁed by its N-terminal amino acid sequence APKATL as a product
of ORF6-81. However, it could not be identiﬁed by its mass by MALDI-
TOF analysis, suggesting protein modiﬁcation. Staining the protein
with speciﬁc glycoprotein stain reagent revealed its extensive
glycosylation (Fig. 4B). MALDI-TOF analysis of the minor protein
constituents, VP2, VP3, and VP4 (Fig. 4A), indentiﬁed them asFig. 4. SDS-PAGE gel showing proteins of the APBV1 virions stained with (A) Coomassie
Brilliant Blue and (B) glycoprotein stain. The same gel was used for both stainings. The
arrows point to viral proteins that have been identiﬁed. The molecular masses of
markers are indicated in kilodaltons.
Fig. 6. Genome map of APBV1. Each ORF is designated with two numbers; the ﬁrst
number is the order starting from the ﬁrst ORF after the putative ori, and the second
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(see below). Neither of these proteins appeared to be glycosylated
(Fig. 4B), and their mobility corresponded to the calculated molecular
masses of 9.6, 11.2, and 21.4 kDa. Some of the proteins with high
molecular mass, visible after glycoprotein staining (Fig. 4B), could be
identiﬁed by MALDI-TOF analysis as host proteins with unknown
functions (GenBank identiﬁers: 11844431935 and 11132580).
Nucleic acid extracted from the virions migrated on an agarose gel
in the form of three distinct bands, representing three forms,
supercoiled, relaxed, and nicked, of the circular dsDNA, with the
majority of molecules in the supercoiled form (not shown). A
digestion of the viral genome with diverse type II restriction
endonucleases conﬁrmed that it represents dsDNA, and furthermore
suggested that the DNA is circular, since digestion with ClaI or ScaI
produced a single fragment with mobility in the range of that of the
linear form of the viral genome (not shown). In all cases the lengths of
the restriction fragments summed up to about 5 kb. The possibility of
digesting with a wide range of restriction endonucleases suggested
that the viral DNA was not modiﬁed.reﬂects the number of amino acids in the encoded proteins. Black arrows indicate virion
proteins. Restriction enzyme recognition sites used for cloning are indicated.Virus–host interactions
Besides A. pernix strain K1-K, A. pernix strains OH3, TB4, TB7, and
YK4 could be infected by APBV1, as documented by the PCR analysis.
No virus replication was detected in A. pernix strains K1 from the
DSMZ collection, as well as in A. pernix strains YK2 and YK13.
The infection with APBV1 did not lead to the lysis of the host cell,
as suggested by the lack of the decrease of OD600 and by the absence of
cell debris in the culture of the infected cells. Moreover, virus infection
did not cause the retardation of host cell growth. Infected cell culture
was continuously producing the virus after several rounds of dilution
with fresh medium.
For verifying a possibility of integration of the viral genome into
the host chromosome, Southern hybridization experiments were
performed. Fragments of the APBV1 DNA of appropriate lengths were
produced based on the results of genome sequencing (see below).
Digestion with BstI produced three fragments with the lengths of
1.4 kb, 1.8 kb, and 2.0 kb, and digestion with MscI produced three
fragments, two with the lengths of 1.2 kb, and one 2.8 kb fragment
(Fig. 5B). Southern hybridization of total DNA extracted from APBV1-
infected cells of A. pernix (Fig. 5A) with the DIG-labeled APBV1 DNA
highlighted the bands of the same length, as derived from nativeFig. 5. Southern blot hybridization. (A) Agarose gel electrophoresis of DNA extracted from
electrophoresis of DNA, extracted from APBV1 virions, digested with BstI (lane 1) and MccI (
APBV1 DNA obtained by digestion with BstI andMccI for lanes 1 and 2. The blot of Lane M wi
probes obtained by labeling the containing DNA fragments.virions, indicating the absence of integration into the host chromo-
some (Fig. 5B and C).
Genome sequence
For sequencing, the viral genome was fragmented by the
restriction endonuclease AccI, which produced two fragments of
about 0.3 and 5 kb long (Fig. 6). The sequencing of the fragments and
their assembly into a single contig was performed as described in
Materials and methods. The approach included ampliﬁcation of
genome fragments, covering all genome, with different sets of
primers. The possibility to perform such coverage of the genome
supported its circular nature. The sequencing crossed both AccI
restriction sites that were used to get the sequencing started.
The viral DNA comprised 5278 bp (Fig. 6), and itsGC content (52.7%)
was in the range of that of the host chromosome (56.3%) (Kawarabayasi
et al., 1999). The DNA helical stability analysis and GC skew analysis
revealed that the origin of replication, ori, is most likely localized in the
intergenic region between ORF1-94 and ORF14-191 (Fig. 6). Moreover,
in this regionwe could detect a perfect inverted repeat of 19 nucleotides
TGTAGTACACACAATAATT-N68-AATTATTGTGTGTACTACA.APBV1-infected cells, digested with BstI (lane 1) and MccI (lane 2). (B) Agarose gel
lane 2). (C) Hybridization of the blot of the gel shown in (A) with labeled fragments of
th 1 kb DNA ladder size markers (New England Biolabs) was separately hybridized with
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identiﬁed on the genome, and these were all preceded by recogniz-
able putative ribosome-binding sites (Fig. 6). All identiﬁed ORFs were
located on the same DNA strands. The numbering of the nucleotides in
the genome sequence starts from the start codon of the ﬁrst ORF
following the putative ori (Fig. 6).
Only genes encoding structural proteins could be recognized.
Neither these nor any putative viral gene showed signiﬁcant similarity
to any sequence in the extant databases. Detailed analysis revealed a
presence of Walker A (GVMGTGKT) and B motifs (VVLDDI) in the N-
terminus of the product of ORF14-191 and Psi-Blast on archaeal
sequences, after removing the putative P-loop ATP-binding domain,
gave weak hits (eN1) with cdc6 of Archaeoglobus fulgidus and putative
ATPase of Methanococcales. This similarity, along with the position of
the gene next to the putative ori region, suggests involvement of the
protein in initiation of viral DNA replication.
In order to explore a possibility that the virus preparation from
which APBV1 was isolated (Fig. S1) contained different viral strains,
we extracted viral DNA from this preparation and analyzed it. The
restriction digestion pattern of the DNA was indistinguishable from
that of the APBV1 (not shown). Moreover, the DNA was sequenced
using the same approach as for the APBV1 DNA and exploiting the
same PCR primers. As a result, we obtained the 5278 bp contig
identical in sequence to APBV1 DNA, except a nucleotide substitution
of C to T at position 1788.
Discussion
We surveyed the diversity of viruses of the archaeal genus
Aeropyrum in samples from coastal, non-acidic extreme geothermal
environment in Kyūshū, Japan, close to the origin of the type species of
the genus, A. pernix K1. Members of the genus Aeropyrum are themost
thermophilic aerobic organisms known at present, with optimal
growth temperatures at about 90 °C. Their viruses, as well as viruses
of the archaeal order Desulfurococcales to which the genus Aeropyrum
belongs (Zillig et al., 1982; Burggraf et al., 1997), were not observed
previously.
The viral diversity was assessed in (i) enrichment cultures
established from environmental samples at 90 °C, pH 7, in which
members of the genus Aeropyrum were the only microorganisms
detected by 16S rRNA sequence analysis, and (ii) cultures of A. pernix
K1 growing in the presence of environmental samples. The particles
observed in these cultures were morphologically diverse (Figs. 1 and
2). Complex forms dominated and no spherical particles with
icosahedral symmetry or particles resembling bacterial head-tailed
viruses were present. Along with linear and spindle-shaped particles
(Fig. 2A and C) some of which resembled virions of known archaeal
viruses from families Lipothrixviridae and Fuselloviridae, unusual rod-
shaped, bean-shaped, and bacilliform particles were observed (Figs. 1
and 2B, D). The rapid spreading of some of these particles in the
growing culture of A. pernix (Fig. 2) strongly suggested that they
represented viable viruses of Aeropyrum. The results of the survey
conﬁrmed the notion on the speciﬁc nature of archaeal viruses and
their unique morphotypes (Prangishvili et al., 2006a,b).
A possibility to selectively replicate the bacilliform virus (Fig. 1C1b)
in A. pernix strain K1-K enabled isolation of a viral species, termed A.
pernix bacilliform virus 1, APBV1. This is the ﬁrst virus to be described
of the genus Aeropyrum and the archaeal order Desulfurococcales.
Moreover, it is the only non-acidiophilic hyperthermophilic virus that
can be cultured in aerobic conditions. All known non-acidophilic
hyperthermophilic viruses (of the archaeal orders Sulfolobales and
Thermoproteales) require anaerobic culturing conditions (Janekovic
et al., 1983; Geslin et al., 2003a; Häring et al., 2004; Ahn et al., 2006).
The virion of APBV1 has rigid bacilliform morphology
(140×20 nm), with parallel sides and two ends differing in their
appearance: one end appears to be pointed and the other to berounded (Fig. 3). The heterogeneity that was sometimes observed for
the length of the virions (Fig. S2) was apparently caused by the
mistakes in the assembly process rather than due to the impurity of
the viral strain, since an absence of any ambiguities in the genome
sequence conﬁrmed that it is derived from a single viral species.
Analysis of the protein constituents of the virion by SDS-PAGE
revealed one major, highly glycosylated protein of 8.1 kDa, and three
minor proteins with molecular masses in the range of 9.6–21.4 kDa.
Extensive glycosylation of the major capsid proteins has also been
reported for archaeal rudiviruses (Vestergaard et al., 2005).
APBV1 carries circular dsDNA genome comprising 5278 bp, which
is the smallest for archaeal and bacterial dsDNA viruses. It is in the size
range of the smallest genomes of eukaryal dsDNA viruses, of the
Simian virus 40 (SV40; 5243 bp; Fiers et al., 1978), and the Baboon
polyomavirus 2 (4697 bp; Schuurman et al., 1990), both from the
family Polyomaviridae. The genome is also smaller than that of the
only known archaeal ssDNA virus HRPV-1 (Pietilä et al., 2009).
The genome of APBV1 encompasses 14 ORFs, all localized on a
single DNA strand. There were no matches with sequences in extent
databases, in line with the previous results on analysis of the genomes
of crenarchaeal viruses (Prangishvili et al., 2006b). Only four genes
encoding virion proteins could be identiﬁed.
The infection by APBV1 did not result in detectable retardation of
host growth or measurable drop in cell density. Continuous serial
dilutions of the infected culture did not result in virus segregation, and
the virus titer in the serial dilutions was reaching similar values, as
estimated by TEM observations (data not shown). These observations
differ from those of the lytic archaeal rudivirus SIRV2 (Bize et al.,
2009) and the bicaudavirus ATV (Prangishvili et al. 2006c), and argue
for a stable relationship of APBV1 with the host. It is noteworthy that
APBV1 genome does not integrate into the host chromosome. Carrier
state relationships are thought to dominate in hyperthermophilic
archaeal virus–host systems and help virus population to avoid direct
and possibly prolonged exposure to harsh conditions of natural
habitats (Prangishvili and Garrett, 2005). The hosts of APBV1 are
known to grow up to 100 °C (Sako et al., 1996), however, it was
shown that the virions cannot tolerate even 90 °C for 24 h.
The virion of APBV1 is clearly distinct morphologically from virions
of any known archaeal or bacterial virus. However, particles with
similar morphology were previously observed in archaea-rich
samples from a deep-sea hydrothermal vent on the East Paciﬁc Rise
(Geslin et al., 2003b). APBV1 in its morphology most resembles plant
viruses from the genera Badnavirus and Tungrovirus of the family
Caulimoviridae (Fauquet et al., 2005.). The members of this family also
have small, circular dsDNA genomes, albeit each strand of the genome
has certain number of discontinuities. Following entry into the cell,
the discontinuities of genomes are sealed and both strands are
transcribed by the host RNA polymerase. The latter serve as
intermediate templates in the DNA replication process performed
by the viral reverse transcriptase and RNAse H (Fauquet et al., 2005).
The priming sites of both strands are not ligated, resulting in the site-
speciﬁc discontinuities in the DNAmolecule packed into the virion. An
absence on the APBV1 genome of any recognizable gene for a reverse
transcriptase, as well as lack of nicks in the circular dsDNA (as
documented by the supercoiled state of viral DNA) indicates that DNA
replicationmechanism of the virus should be different from that of the
caulimoviruses.
The available data onmorphological and genomic properties of the
virus APBV1 suggest that this virus should be considered as the ﬁrst
known representative of a novel virus family. We propose to term this
new family “Clavaviridae” (from the Latin clava, for club “stick”).
According to the recently suggested scheme for the nomenclature of
viruses of Bacteria and Archaea (Kropinski et al., 2009) the full name
of the virus would be vA_Ape“Cl”_APBV1 (“Cl” is an abbreviation for
the suggested family “Clavaviridae”). The exceptionally small genome
of APBV1 and relatively uncomplicated culturing process make the
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virology.
Materials and methods
Environmental samples
Environmental samples consisting of sand and liquid fractions
were taken from a coastal hot spring in Yamagawa, Ibusuki City
(Kagoshima, Japan; 31°10′45.5″N and 130°37′1.5″E). Sampling was
done twice, in 2005 and in 2008. Samples taken in 2005 were kept at
4 °C for 6 months before their analysis. Samples taken in 2008 were
analyzed 10 days after sampling.
Medium
For cell growth the following media were used: (i) JXT (Sako et al.,
1996), (ii) JXTm (Nomura et al., 2002), (iii) MBT, consisting of Marine
broth 2216 (Difco) containing additionally 1 g Na2S2O3 5H2O per liter
(Nakagawa et al., 2004), and (iv) 3ST, consisting of 35 g of Sea salts
(Sigma) containing 1 g Na2S2O3 5H2O, 1 g yeast extract (Difco), and
1 g tryptone (Difco) per liter. In all media pH value was about 7. The
ability of A. pernix K1 to grow in all four media was conﬁrmed.
Enrichment cultures and VLP detection
From the 2005 environmental sample enrichment culture ER1 was
established in the medium JXTm, and from the 2008 environmental
sample enrichment culture ER2 was established in the medium MBT.
In each case, about 5 g of environmental sample was used to inoculate
1 l of fresh medium and was incubated at 90 °C in aerobic conditions
without shaking, in ﬂasks sealed with Steristoppers (Heinz Herenz,
Germany), for 4 days. Cells were removed by centrifuging at 5000×g
for 30 min and VLPs were precipitated by addition of NaCl and PEG
6000 to ﬁnal concentrations of 1 M and 10%, respectively. After
incubation at 4 °C overnight, viral particles were collected by
centrifuging at 12,000×g for 30 min at 4 °C, and suspended in
20 mM Tris-acetate, pH 7.0, 3% sodium chloride, for TEM analysis.
A. pernix strains and their co-culturing with environmental samples
In this study, two A. pernix K1 strains were used: the strain from
the DSMZ culture collection (referred to as A. pernix K1) and the
laboratory strain from Dr. Sako's laboratory (Kyoto University;
referred to as A. pernix K1-K). Originally, both strains were identical
at the time of their isolation in Dr. Sako's laboratory in 1996.
For co-culturing with the environmental sample, A. pernix K1 was
grown in three different media. In the culture AER1, the medium was
JXTm; in the culture AER1, the medium was 3ST; and in the culture
AER2, the medium was MBT. About 5 g of the 2008 environmental
sample was added to 1 l of exponentially growing culture of A. pernix
K1 in respective medium, and the growth was continued at 90 °C
without shaking for additional 3 days. After removing cells by
centrifugation, VLPs were collected from cell-free supernatants, as
described above, and analyzed by TEM.
Isolation and puriﬁcation of APBV1
The mixture of VLPs obtained from the enrichment culture ER1 was
added to the exponentially growing culture of A. pernix K1-K in the
medium JXT. After further growth for 2 days, cells were removed and
VLPswere precipitated by addition of PEG, as described above. The virus
APBV1 was isolated from the mixture of VLPs by using the limiting
dilution method. Ten serial dilutions, 10−1 to 10−10, of the VLP
suspension were used to infect cells of A. pernix K1-K, exponentially
growing in 6 ml ofmedium JXT, in 18×180 mmscrew cap tubes (Iwaki,Japan). For each of the ten dilutions, 10 identical assayswere performed.
After further growth for about 2 days, from each of the 100 infected
cultures, a 100 μl aliquot was used to inoculate 6 ml of fresh medium,
and infected cells were grown further for about 3 days. Virus
propagation was veriﬁed by TEM analysis. The virus APBV1 was
precipitated and puriﬁed from one of the cultures obtained with the
highest dilution of the VLP sample. For further puriﬁcation of the viral
strain, the above described procedure was repeated two more times.
For analysis, APBV1 virions were collected from cell-free super-
natants by precipitation with PEG, as described above for VLPs, and
puriﬁed by centrifugation in a CsCl buoyant density gradient (0.45g
ml−1) in a Beckman SW60 rotor at 48,000 rpm for 24 h. The fractions
were collected by a syringe, dialyzed against distilled water, and
examined by TEM for the presence of APBV1 virions.
Host range
Host range of the virus was tested using the following laboratory
strains of A. pernix: OH3, TB4, TB7 (Nomura et al., 2002), YK2, YK4, and
YK13. The latter three strains were isolated from Yamagawa Hot
Spring, Japan (Reiji Tanaka and Hiroshi Nishimura, unpublished). Each
strainwas assessed by inoculatingwith APBV1 the cultures growing in
6 ml of medium JXT (culture 1). Following further growth, 100 µl of
the inoculated cultures were transferred to 6 ml of JXT medium and
cells were grown further until the appearance of turbidity (culture 2).
This was followed by another round of dilution of 100 µl of the culture
in 6 ml of medium and further growth (culture 3). For each strain,
cells were collected from all three cultures and DNA was extracted
from them. With this DNA as a template, PCR was performed using
APBV1 speciﬁc primers, to conﬁrm the infection. 16S rRNA speciﬁc
primers were used as controls. Finally, in selected cases, TEM analysis
was performed to conﬁrm the results of DNA ampliﬁcation.
Effect of infection with APBV1 on host growth
In order to determine the effect of APBV1 on the host growth, 50 μl
of the virus preparation was added to 100 ml of exponentially
growing A. pernix K1-K in the medium JXT. The experiments were
conducted in triplicates, with 3 identical infected cultures and 3
identical controls. Growth of cells was monitored bymeasurements of
OD at 600 nm.
Transmission electron microscopy
Samples were applied to carbon-coated copper grids, negatively
stained with 2% uranyl acetate and observed under the transmission
electron microscope JEM-1210 (JEOL, Japan) or JEM-1200EXII (JEOL,
Japan). The images were digitally recorded, using a CCD camera
connected to a computer.
16S rRNA analysis
From cells collected from the enrichment cultures genomic DNA
was extracted using Wizard® Genomic DNA Puriﬁcation Kit (Pro-
mega, Madison, WI, USA). The genes for 16S rRNA were ampliﬁed by
PCR using A8F, A21F forward primers, and U515R reverse primer
(DeLong, 1992; Edwards et al., 1989; Lane et al., 1985). PCR products
were cloned using TOPO-TA cloning Kit (Invitrogen, Carlsbad, CA,
USA). Positive clones, 23 for ER1 and 16 for ER2, were submitted for
sequence analysis.
Puriﬁcation and sequencing of APBV1 DNA and sequence analysis
DNA was extracted from puriﬁed APBV1 virions using the method
described in Sambrook and Russel (2001) with slight modiﬁcation.
Prior to decomposing viral proteins with SDS and Proteinase K, DNase
353T. Mochizuki et al. / Virology 402 (2010) 347–354I (Invitrogen) was added to remove any contamination with cellular
DNA. DNase was inactivated by incubating at 80 °C for 10 min.
For sequencing, DNA was digested with AccI, producing two
fragments. One of the fragments with approximate size of about
0.3 kb was subcloned into pGEM-3Zf(+) (Promega) and sequenced.
Based on the sequence, two sets of PCR primers were designed
outward in order to amplify the remaining region of the circular
genome. The two PCR products, each about 5 kb, were cloned into
pTOPO-XL (Invitrogen) and sequenced by primer walking. All
sequences were assembled into a single contig. The sequence was
conﬁrmed by 8-fold coverage.
ORFs were predicted by using GLIMMER ver.3.02 and GeneMark.
hmm (ver.2.6r). For each predicted ORF, its validity was conﬁrmed
manually, by searching for putative ribosome-binding site about 5 nt
upstream of the start codon. Both the DNA sequence and the amino
acid sequence were submitted for BLAST analysis to ﬁnd any similar
sequence in the public database.
GC skew analysis was performed using GC skew tool (http://nbc3.
biologie.uni-kl.de/), using a window size of 70 and a window step of
100. DNA helical stability was calculated using the nearest-neighbor
thermodynamics algorithm (Huang and Kowalski, 2003) using WEB-
THERMODYN (http://www.gsa.buffalo.edu/dna/dk/WEBTHERMO-
DYN/) at a temperature of 90 °C and salt concentration of 500 mM.
Southern hybridization
Total DNA extracted from APBV1-infected cells of A. pernix K1-K
usingWizard genomic DNA extraction kit (Promega) was subjected to
electrophoresis on 1.0% agarose gel and transferred onto Hybond-N+
membrane (Amersham). Southern hybridization was performed
using DIG DNA labeling and detection kit (ROCHE). Probes were
prepared by labeling BstI- and MscI-digested APBV1 DNA puriﬁed
from the virions.
Protein analysis of APBV1
Puriﬁed virions of APBV1 were incubated at 95 °C for 10 min in the
presence of 0.17% SDS, and the mixture was subjected to electropho-
resis in NuPAGE® Novex 4–12% Bis-Tris Gel (Invitrogen). Proteins
were stained with Coomassie Blue using InstantBlue® (Expedeon,
UK). Proteins visible on the gel was analyzed with MALDI-TOF/MS
using 4800 Proteomics Analyzer (Applied Biosystems, USA), and the
corresponding ORFs were searched using MASCOT search engine
2.1.04 (Matrix Science, UK) embedded into GPS-Explorer Software 3.5
(Applied Biosystems/MDS SCIEX, USA). The searchwas done against a
data set containing the protein sequence of APBV1, Archaea, and NCBI
contaminants, containing a total of 176,457 sequences.
Glycoproteins were stained using Pro-Q® Emerald 300 Glycopro-
tein Gel and Blot Stain Kit (Molecular Probes, USA). N-terminal
sequencing was performed by Edman degradation method using ABI
494 (Applied Biosystems, USA).
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